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A B S T R A C T

Age related macular degeneration (AMD) is a multifactorial disease with genetic, biochemical and environ-
mental risk factors. We observed a significant increase in copper levels in choroid-RPE from donor eyeballs with
AMD. Adult retinal pigment epithelial cells (ARPE19 cells) exposed to copper in-vitro showed a 2-fold increase in
copper influx transporter CTR1 and copper uptake at 50 μM concentration. Further there was 2-fold increase in
cytochrome C oxidase activity and a 2-fold increase in the mRNA expression of NRF 2 with copper treatment.
There was a significant increase in mitochondrial biogenesis markers PGC1β and TFAM which was confirmed by
mitochondrial mass and copy number. On the contrary, in AMD choroid-RPE, the CTR1 mRNA was found to be
significantly down-regulated compared to its respective controls. SCO1 and PGC1β mRNA showed an increase in
choroid–RPE. Our study proposes copper to play an important role in mitochondrial biogenesis in RPE cells.

1. Introduction

Age related macular degeneration (AMD) is a leading cause of
blindness worldwide. The global prevalence of AMD is 196 million in
the year 2020 [1]. AMD is a multifactorial disease with genetic, bio-
chemical, nutritional and environmental risk factors [2]. In the early
stage of AMD, tiny drusen appear on the retina which are little piles of
waste product of the cells. Dry AMD is characterized by pigment dis-
coloration and the presence of drusen. In fact, nearly everyone over
50 years of age has at least one small drusen. Intermediate AMD is
characterized by the accumulation of focal or diffuse drusen and hyper-
or hypopigmentation of the retinal pigment epithelium (RPE). Ad-
vanced AMD can be classified as geographic atrophy (GA; i.e., dry, or
non-exudative, AMD), characterized by a sharply delineated area of
RPE atrophy and the other choroidal neovascularization (CNV; i.e., wet,
or exudative, AMD), which may involve subretinal neovascular mem-
branes; subretinal fluid, exudates, and hemorrhages, pigment epithelial

detachment and subretinal/intraretinal scarring. Advanced AMD can
result in loss of central visual acuity and lead to severe and permanent
visual impairment and blindness. About 10% of all cases of age-related
macular degeneration become “Wet” AMD [3,4].

There is evidence that trace elements might play a role in the pa-
thogenesis of AMD. Deposition of metal ions is reported in the order of
Ca > Zn > Fe in extracellular deposits of AMD cases [5] Our recent
study has shown accumulation of heavy metals like lead, cadmium,
chromium, nickel and arsenic in choroid-RPE and retina of donor eyes
with AMD [6]. Iron is a potent generator of reactive oxygen species
(ROS), whose generation within mitochondria and lysosomes may
promote cell death [7]. Iron accumulation has been found in the RPE,
Bruch's membrane in early AMD, geographic atrophy, and exudative
AMD [8] Iron is suggested as a source of oxidant- . Another study by
Biesemeier et al. reported that iron accumulation was seen in melano-
somes in donor eyes suffering from AMD compared to age-matched
people without AMD [9].
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Copper and zinc play vital roles in visual cycle and photoreceptor
survival [10] and are essential for antioxidant defence mechanisms
[11] and for the survival of the retina, which is routinely exposed to
high levels of oxidative stress from light and metabolic processes. The
aqueous humor trace elements levels in AMD cases show increase in
iron and zinc and decrease in copper ions [12]. The tissue levels of
copper and zinc are also reported to be decreased in RPE and choroid of
AMD cases [13]. A mice model with deficiency of ceruloplasmin a
copper carrier and storage protein had been shown to develop retinal
iron overload [14]. This shows that copper is essential in maintaining
the homeostasis of other elements such as iron and zinc and vice versa.

In this study when we evaluated the elements iron, copper, zinc and
calcium in the cadaveric donor choroid-RPE and retinal tissue with
AMD changes, surprisingly, copper was found to be significantly in-
creased in choroid–RPE of the late AMD cases whereas iron and zinc
showed decrease in both choroid–RPE and retinal tissue. The RPE plays
a major role in the inter-cellular tight junctions and restrict the dis-
tribution of drugs and other xenobiotics from the choroidal blood-
stream into the inner parts of the eye [15]. The RPE also supports visual
functions and secretes growth factors, phagocytosis shed photoreceptor
outer segments (POS) and provides nutrients to the neural retina [16].
Disturbances in RPE leads to AMD therefore, RPE cells are subjected to
intensive medical and pharmaceutical research. ARPE19 cell line is
widely used as a cell model to study AMD pathogenesis [17–20].
Copper is an essential trace element, required for the normal cellular
functioning and energetics by regulating the level of mitochondrial
enzyme cytochrome C oxidase [21]. The pivotal role of this element in
regulating mitochondria is unexplored especially in retinal pigment
epithelial cells. With tissue level of copper being increased in AMD
donor tissue, its effect was investigated in ARPE19 cell model .

2. Materials and methods

2.1. Procurement and assessment of AMD donor eyes

Human Cadaver eyes were obtained from C.U. Shah Eye bank with
informed consent obtained from the deceased relative. The age, gender,
history of systemic and ocular problems of the donor eyes was recorded.
The ophthalmic history of the deceased donors is not available as these
donors were not treated in our Institute. All experiments pertaining to
this study adhered to the guidelines of the Declaration of Helsinki.
Totally 243 eyeballs after removal of cornea were procured from C.U.
Shah Eye bank. The eyes were examined by an ophthalmologist cum
pathologist by visually seeing the posterior segment of the eye after
removal of cornea. Later the globes were grossed and one-half of it was
fixed in formalin for 24 h and processed for histopathological ex-
amination and the other half of the eyeball was used for elemental
analysis.

2.2. Methodology for grossing, sectioning and staining

As described in the earlier report by Aberami et al. [6] where in
each eyeball was dissected vertically across the macula to make sure
that every single eye is studied for histopathological and elemental
analysis. After automated tissue processing was completed, the tissues
were embedded with paraffin wax and 5 μm sections were taken. The
sections were deparaffinized and then stained using hematoxylin and
eosin. Precautions were taken to avoid lipid artifacts due to wax by
repeated washing with xylene. The sections stained were evaluated for
basal laminar deposits, subretinal hemorrhage, hard, small drusen and
thickening and calcification of Bruch's membrane in the macula ac-
cording to Biswas et al., and were graded as AMD changes and without
AMD changes [23]. Further classification as early and late AMD was
done based on the Alabama grading system [24].

2.3. Extraction of elements

Samples were collected in trace metal free polypropylene tubes
(ABDOS, India). A blank tube containing only 0.2% HNO3 was pro-
cessed analogously with the samples. The choroid-RPE and retina, were
removed and the wet weight of tissue was recorded. The tissue was
homogenized with 1 ml of element free MilliQ water and digested with
1 ml of 30% H2O2 in a clean porcelain dish and incubated in hot air
oven for 24 h at 75 °C. Further for ashing 0.5 ml of concentrated nitric
acid (Fluka, China trace element grade) was added and heated on a
Bunsen flame till it dried. The ashed sample was dissolved in 2 ml of
0.2% HNO3 and centrifuged at 2500 rpm for 10 min. The supernatant
was collected and transferred to a sterile polypropylene screw cap tubes
(SCT-5 ml) and stored at room temperature.

2.4. Element estimation

The assay of trace elements was done with commercial kit as per
manufacturer's protocol (Coral Clinical Systems, India). Copper re-
leased from ceruloplasmin in an acidic medium, reacts with (3,5-
bromo-2-pyridylazo-N-ethyl-N-(3-sulfopropyl) aniline) Di-Br-PAESA to
form a colored complex. Intensity of the complex formed is directly
proportional to the amount of copper present in the sample. Iron which
is dissociated from transferring-iron complex in weakly acid medium
was reduced into the bivalent form by means of ascorbic acid. Ferrous
ions give with FerroZine a colored complex: The intensity of the color
formed is proportional to the iron concentration. Zinc in alkaline
medium reacts with 2-(5-nitro-2-pyridylazo)-5-(N- propyl-N-sulfopro-
pylamino) Nitro-PAPS to form a purple colored complex. Intensity of
the complex formed is directly proportional to the amount of zinc
present in the sample. Calcium combines specifically with Arsenazo III
at a neutral pH to form a blue purple colored complex. Intensity of the
color formed is directly proportional to the amount of calcium present
in the sample.

2.5. Cell culture

The cell model to study the AMD pathogenesis is adult human ret-
inal pigment epithelial cells (ARPE) 19 (ATCC – CRL 2302) which were
cultured using DMEM – F12 (Sigma, USA) medium supplemented with
10% FBS (Gibco, USA) and 0.1× of antimycotic and antibacterial so-
lution (Gibco, USA). The cells were treated with varying concentrations
of copper – copper chloride (CuCl2) 50, 100, and 200 μM. Penicillamine
at a concentration of 800 μM, was used as copper chelator. The treat-
ment was given in DMEM 5.5 mM glucose supplemented with 1% FBS
(Gibco, USA) and antimycotic and antibacterial solution (Gibco, USA).

2.6. Viability assay

MTT (3-(4, 5-dimethythiazolyl-2)-2, 5-diphenyltetrazolium bro-
mide) assay was done to check the effect of CuCl2 at different time
points 1, 24, 48 and 72 h on the viability of ARPE19 cells. After
treatment with copper the cells were incubated with the MTT reagent
and the formazan crystals were dissolved in DMSO and read at 570 nm
(Spectramax M2e, Molecular Devices, California).

2.7. Detection of reactive oxygen species (ROS)

The concentration of ROS in ARPE19 cells was detected by mea-
suring the fluorescent signal from the DCFDA (redox-sensitive-fluor-
oprobe- 2′, 7′-dichlorofluorescein-diacetate). ARPE19 cells exposed to
the treatment conditions and with H2O2 as a positive control (at a
concentration of 100 μM for 1 h) in 96 well plate, were washed in PBS
buffer. DCFDA (10 mM) was added in serum-free medium and in-
cubated at 37 °C for 120 min. The fluorescence of DCF in the ARPE19
cells was detected with 525 nm emission wavelength and 485 nm
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excitation wavelength in kinetic mode with a 30 min interval.

2.8. Mitochondrial membrane potential assay

The mitochondrial membrane potential was visualized using a
fluorescence microscopy using JC-1 dye (Thermofisher) according to
the manufacturer's protocol. JC-1 accumulation in mitochondria leads
to the aggregate formation emitting red fluorescence while leakage of
the dye to the cytoplasm denotes monomer formation giving green
fluorescence. ARPE19 cells were seeded in a 96 well plate and treated
with copper for 24 h and with H2O2 (at a concentration of 100 μM for
1 h as a positive control). Post treatment the cells were washed with
PBS and incubated with JC-1 dye at a concentration of 10 ng/ml for
30 min at 37 °C. Stained cells were visualized using Zeiss Microscope.

2.9. Estimation of copper in ARPE19 cells

Intracellular copper was measured using atomic absorption spec-
trophotometer (AAS) Analyst 700 (Perkin Elmer, USA). The cells post
exposure to copper at concentrations 15, 50, 100 and 200 μM for 1, 6,
12, 24 and 48 h and penicillamine for 24 h (800 μM) was washed with
PBS and lysed using 5:1 nitric acid: perchloric acid (Merck, India) and
ashed in a bunsen flame. The ashed samples were dissolved in 1 ml
0.2% nitric acid, centrifuged and the supernatant was used for the es-
timation of copper. The AAS parameters for the assay are as follows
copper hallow cathode lamp at a wavelength of 324.8 nm with the slit
length at 0.7 nm was maintained and copper was atomized at 2300 °C
using a graphite furnace and the absorbance was recorded. The con-
centration of copper was calculated after calibration with known
standards from Perkin Elmer (1 mg/ml concentration).

2.10. RNA extraction and polymerase chain reaction

Total RNA was extracted using TRIzol reagent (Sigma, USA) as per
the manufacturer's protocol. It was quantified using nanodrop spec-
trophotometer. One microgram of the total RNA was converted to cDNA
using iScript cDNA synthesis kit (Bio-Rad, USA). Quantitative PCR
(qPCR) was done based on SYBR chemistry. qPCR primers were de-
signed using Primer3 software [25]. The list of primers used is given in
the table (Table 1). Specificity of the amplified product was based on
the melting curve and the fold change was calculated using the 2∆Ct
(treated−untreated) method. GAPDH was used for normalization [26].

2.11. Immunofluorescence

The cells grown in 4-well chamber slides and exposed to copper
treatment for 24 h, were fixed with 4% formaldehyde and permeabi-
lized with 0.1% triton X 100. The cells stained with CTR1 (1:500 Pierce,
Thermo Scientific, USA). were captured in ImageXpress Micro Confocal
Microscope (Molecular Devices, USA). For staining NRF2, PGC1β and
MFN2, the exposed cells were fixed with 4 % formaldehyde and per-
meabilized with 1 % triton X 100. The cells stained with NRF2 (1:200,
Santa Cruz, USA) were captured in Carl Zeiss LSM700 confocal micro-
scopy, while the cells stained with PGC1β (1:200, Santa Cruz, USA) and
MFN2 (1:200, Novus Biologicals) were imaged in EVOS FL auto mi-
croscope. DAPI was used to stain the nucleus.

2.12. Western blot analysis

ARPE19 cells were lysed using RIPA buffer (50 mM Tris-HCl,
150 mM NaCl, 0.1% Triton X 100, 0.5% sodium deoxycholate, 0.1%
SDS and protease inhibitor cocktail (Roche, Switzerland)). The total
protein was estimated using BCA kit (Thermo Scientific, USA) and
35–40 μg concentration of protein was used. Twelve percentage resol-
ving gel SDS-PAGE was used, and the blot was transferred to PVDF (GE
Healthcare, USA) through semi dry transfer method. Five percent

nonfat dry milk in TBST was used as a blocking agent. The blots were
incubated overnight with appropriate dilution of primary antibody for
CTR1 (1:1000 Pierce, Thermo Scientific, USA), SCO1 (1:500 Santa Cruz
Biotechnology, USA), ERRα (1:1000 Cell Signaling Technology), TFAM
(1:1000 Cell Signaling Technology) and β-actin (1:1000 Santa Cruz
Biotechnology, USA). The overnight incubation was followed by
washing and 2 h incubation with the appropriate secondary antibody.
The bands on the membrane were detected on exposure with ECL (Bio-
Rad, USA) substrate using Flourchem FC3 Gel documentation system.
β-Actin was used as a loading control.

2.13. Mitochondrial copy number

Total DNA from the ARPE19 cells was isolated using DNeasy Blood
and Tissue kit (Qiagen, Germany) based on the manufacturer's protocol.
The isolated DNA was quantified using Nanodrop Spectrometer and
3 μg was used for the quantitative PCR reaction. The table (Table 2)
gives primers used for the qPCR reaction. The calculation of fold change
for determining the mitochondrial DNA content was based on the
protocol as described by Rooney et al. [27].

Table 1
List of all the primers used in the experiment.

CTR1 FP – 5′ – CTTAGACTGGCTGCCAAAGG – 3′
RP – 5′ – AGAGTAAGGGGGCCAAAGAA – 3′

SCO1 FP – 5′ – GGGGAGCGTAAAACTGACAA – 3′
RP – 5′ – TGGGTCAATGCTGATGAAAA – 3′

ATOX1 FP – 5′ – CTGAAGCTGTCTCTCGGGTC – 3′
RP – 5′ – CAGAGTGTCCATGCTGTGCT – 3′

SOD1 FP – 5′ – GAAGGTGTGGGGAAGCATTA – 3′
RP – 5′ – ACATTGCCCAAGTCTCCAAC – 3′

CCS FP – 5′ – ACACACCACTCTACCCAGCC – 3′
RP – 5′ – CAGGGGTCAGCTGTAGGAAG – 3′

COX11 FP – 5′ – CAGAAATATATGTGGTGCCAG – 3′
RP – 5′ – ATACTGTCCAGCTTCAAATG – 3′

ATP7A FP – 5′ – GAATGAGCCGTTGGTAGTAATAGC – 3′
RP – 5′ – TCCTTCCTCCTTGTCTTGAACTG – 3′

ATP7B FP – 5′ – ACCCGGAAGCACTGTAATTG – 3′
RP – 5′ – TCTGAGCCTCTTCCACCAGT – 3′

GAPDH FP – 5′ – AGATCATCAGCAATGCCT – 3′
RP – 5′ – TGGTCATGAGCTCTTCCA – 3′

NRF2 FP – 5′ – GTGTGGCATCACCAGAACAC – 3′
RP – 5′ – TTCCAGGGGCACTATCTAGC – 3′

NRF1 FP – 5′ – TACTCGTGTGGGACAGCAAG – 3′
RP – 5′ – GCACCACATTCTCCAAAGGT – 3′

PGC1α FP – 5′ – CCTTGCAGCACAAGAAAACA – 3′
RP – 5′ – CTGCTTCGTCGTCAAAAACA – 3′

PGC1β FP – 5′ – AACTATCTCGCTGACACGCA – 3′
RP – 5′ – GAGTTCTCTGGGCACCACTG – 3′

TFAM FP – 5′ – TCTGTCTGACTCTGAAAAGG – 3′
RP – 5′ – CTACTTTTAACACTCCTCAGC – 3′

ERRα FP – 5′ – CACAAGGAAGAGGAGGATGG – 3′
RP – 5′ – CACAGGATGCCACACCATAG – 3′

VEGF FP – 5′ – GTCCAACTTCTGGGCTGTTCTC – 3′
RP – 5′ – CCCCTCTCCTCTTCCTTCTCTT – 3′

Table 2
Primers used for the analysis of mitochondrial copy number.

MTCO1 FP – 5′ – ATACCAAACGCCCCTCTTCG – 3′
RP – 5′ – TGTTGAGGTTGCGGTCTGTT – 3′

MTCO2 FP – 5′ – GTACTCCCGATTGAAGCCCC – 3′
RP – 5′ – ACCGTAGTATACCCCCGGTC – 3′

MTCO3 FP – 5′ – GATTTCACTTCCACTCCATAACG – 3′
RP – 5′ – CTTCTAGGGGATTTAGCGGG – 3′

SDHA FP – 5′ – CAAGGCGAAAGGTTTATGGA – 3′
RP – 5′ – AGCGAAGATCATGGCTGTCT – 3′
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2.14. Enzymatic activities of cytochrome c oxidase (COX) and citrate
synthase (CS)

COX a large multi-subunit enzyme in the inner membrane of the
mitochondria, plays a vital role in aerobic respiration, activity of this
enzyme on ARPE19 cell lysate was measured based on a modified
protocol of Spinazzi, M. et., al. [28]. Briefly, 139 μl of distilled water
was added in a 96 well microtiter plate with 50 μl potassium phosphate
buffer (100 mM, pH 7), 10 μl reduced ferrocytochrome c (1 mM re-
duced by 1 M DTT) and the baseline activity was read at 550 nm for
2 min. Sample volume of 1 μl was added (2 μg of cell lysate), mixed and
the decrease in absorbance at 550 nm for 3 min was monitored. COX
activity was determined by measuring the decrease in absorbance
caused by oxidation of ferrocytochrome c to ferricytochrome c. CS ac-
tivity was measured in the presence of acetyl-CoA and oxaloacetate by
monitoring the release of CoASH coupled to 5′5-dithiobis (2-ni-
trobenzoic) acid at 412 nm [29]. COX activity was expressed as a ratio
normalized to that of CS activity.

2.15. Transient expression of CTR1-mCherry and SCO1-EGFP in ARPE19
cells

Around 8000 ARPE19 cells were plated on an 18 mm round No.1
coverslip (precoated with poly-D-lysine) in a 12 well plate and grown
unto 70% confluency. Then starved overnight with DMEM/F12 + 1%
FBS. The cells were transiently transfected with SCO1-EGFP and CTR1-
mCherry with Lipofectamine 2000 according to the manufacture's in-
struction.

2.16. Fluorescence lifetime imaging based Förster Resonance Energy
Transfer for CTR1-SCO1 interaction

Fluorescence lifetime imaging (FLIM) was performed with an Alba
(ISS, Champaign, USA) confocal scanning time-resolved imaging
system. Details of the instrumentation are as described previously
[30,31]. A 488 nm picosecond pulsed laser at 50 MHz repetition rate
was used to excite EGFP through an apochromatic water immersion
objective (60×, NA = 1.2, Olympus). Photons were then collected by
the same objective, reflected by a 560 dichroic filter (Chroma), and
passed through a 50 μm pinhole and a band-pass filter (520/53,
Chroma) before reaching an avalanche photodiode (SPCM-AQRH-15,
Excelitas). Detected photons were stored in Time-tagged time-resolved
format and generate a Time-correlated single photon counting (TCSPC)
histogram (Becker and Hickl). The laser power was controlled to have a
peak photon value of ~105 in the TCSPC histogram. Fluorescence
lifetime (τ) was obtained by fitting the TCSPC decay pattern as F
(t) = F0e−t/τ (1). Förster Resonance Energy Transfer (FRET) was im-
plemented to assess the potential molecular interaction between SCO1-
EGFP and CTR1-mCherry. The FRET efficiency was estimated based on
the following equation: =E 1 da

d, (2) where τda is the lifetime of
dual transient transfected SCO1-EGFP/CTR1-mCherry cells, and τd is
the lifetime of transient transfected SCO1-EGFP cells. FRET E larger
than 5% is deemed significant.

2.17. ELISA for VEGF protein

The secretary VEGF protein levels in the conditioned media were
quantified using VEGF TMB ELISA kit (Peprotech, USA) as per the
manufacturer's protocol.

2.18. MitoTracker Red

The cells were grown in chamber slides and exposed to the above-
mentioned conditions. After 24 h, the media was removed and pre-
warmed (37 °C) medium with MitoTracker Red CMXRos (Invitrogen,
USA) was added at the optimized concentration. The cells were

incubated for 30 min under growth conditions following which the
medium was removed and fresh buffer was added. The cells were
viewed, and the pictures were captured in EVOS FL Auto microscope
(Thermo Fisher, USA) and the intensity was calculated using the
manufacturer software. The higher magnification images of the mi-
tochondria with MitoTracker Red staining were studied using Carl Zeiss
LSM700 confocal microscopy.

2.19. mRNA expression in tissue samples

RNA from the choroid-RPE tissues were isolated based on the
manufacturer's protocol using Qiagen RNA isolation kit (Qiagen,
Netherlands). The transcript levels of genes, CTR1 (influx chaperone),
ATP7A and ATP7B (efflux chaperone), SCO1 (mitochondrial cha-
perone), PGC1α and β and ERRα (mitochondrial biogenesis markers)
and VEGF were quantified. Total number of choroid RPE tissues used
for expression study was 32 out of which 13 were control and 11 early
AMD and 8 late AMD.

2.20. Statistical analysis

All statistical analysis was done using Graph Prism 7.01. Results are
expressed as means ± standard deviations, standard error mean. The
Mann-Whitney test was performed for comparison of tissue sample and
for in vitro experiments one-way ANOVA, posthoc Dunnett's test was
used. All experiments were repeated at least three times for standard
deviation calculations. The copper treatment was compared to their
controls and penicillamine treatments were compared to their respected
copper treated condition for statistical analysis. A p value < 0.05 was
considered statistically significant.

3. Results

The demographic details of the donor eyeballs collected for the
study were tabulated (Table 3). The AMD changes were assessed after
histopathological evaluation. The sections were stained and observed
for basal laminar deposits, subretinal hemorrhage, drusen and thick-
ening of Bruch's membrane and was graded based on modified Sarks
classification [23]. AMD changes as assessed by a pathologist are listed
in Table 4. The number of donor eyes with AMD changes was found to
be 55 in which 39 were graded as early AMD and 16 were graded as late
AMD and those with no AMD changes were 188 which are referred to as
controls in this study. The power analysis was 0.8 as assessed by
G*power. Earlier case control studies in AMD have used a ratio of 1:3
[32–34] similar to our study.

Table 3
Demographic details of the donor eyes.

Particulars No. of subjects

Number of patients 243
Age - Male and female (years) 81 ± 8.0, 80 ± 9.0
Male:female 122:121
General medical history

Cardio respiratory arrest 137
Pulmonary edema 03
Tuberculosis 02
Natural death 73
Lung cancer 02
Encephalopathy 03
Carcinoma 02
Renal failure 05
Cardiac pulmonary 06
Cerebral hemorrhage 02
Seizures 02
Nephrotic syndrome 02
Respiratory failure 04
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3.1. Quantitative detection of trace elements

The tissues were subjected to elemental extraction and the trace
elements like Cu, Zn, Fe, Ca was quantified (Table 5) with the re-
spective control samples. The AMD cases were grouped as early and late
based on the Alabama classification. Cu levels were mildly increased in
the early AMD choroid RPE tissues (15.42 ± 2.2 vs 14.65 ± 0.99)
and it was significantly increased in late AMD choroid RPE tissues when
compared to control (24.04 ± 4.87 vs 14.65 ± 0.99). In case of retina
the copper levels were significantly decreased in early AMD retinal
tissue (13.07 ± 1.34 vs 22.09 ± 1.66) with a mild increase in the
copper levels in late AMD retina tissues when compared to its control
(25.16 ± 5.11 vs 22.09 ± 1.66). The levels of Zn were significantly
decreased in both early and late AMD in choroid RPE when compared
to its controls, whereas it is decreased significantly in late AMD retina
when compared to control. Iron was significantly decreased in both
choroid and retina of late AMD. Calcium was significantly decreased in
early AMD choroid RPE and showed no change in late AMD. There was
no change in calcium levels in both early and late AMD retina tissues
when compared to their controls. The increase in copper levels and
decrease in zinc and Iron in the choroid RPE of the AMD donor eyes was
intriguing us to further explore the role of copper in regulating mi-
tochondrial biogenesis using ARPE19 cells as a model.

3.2. Viability and intracellular copper levels

Copper concentration range from 6 to 7 μg/g tissue in choroid RPE
and 9 to 14 μg/g tissue in retina of normal donor eyes which is
equivalent to 95 μM in choroid RPE and 142 μM in retina [13]. So,
based on the tissue copper levels reported earlier and observed by us we
have selected the range of copper to be tested in vitro in ARPE19 cells
from 50 to 200 μM. The effect of copper on the viability of ARPE19 cells
was done by MTT assay (50–200 μM) for varying time points of 1, 24,

48 and 72 h. There was no cytotoxicity until 24 h of Cu tested but cell
death was seen at 72 h at all concentrations of copper (Fig. 1A). Sec-
ondly, to evaluate the copper entry into the cells, the intracellular
copper concentration was validated using AAS analysis. Maximum
copper uptake was seen at 24 h at all concentrations of copper (Fig. 1B).
There was a decrease in the copper uptake with penicillamine + Cu co-
treatment (Fig. 1C). Further the protein levels of the copper transporter
CTR1 showed a significant increase at 24 h at all concentrations of
copper tested and the penicillamine + Cu co-treatment decreased CTR1
protein levels. The same was evident in immunofluorescence (Fig. 1D &
F). The mRNA expression of the efflux chaperones ATP7A and B were
unaltered at all concentrations of Cu at 24 h (Fig. 1E). These results
prove entry of copper into the cell at the tested concentrations.

3.3. Intracellular copper chaperones

Copper is required for mitochondrial cytochrome C oxidase activity
and for the antioxidant defence protein Superoxide dismutase. The
copper chaperones cytochrome C oxidase assembly protein (SCO1) and
cytochrome C oxidase copper chaperone (COX11) carries the copper
and deliver it to the mitochondria. Chaperone for Superoxide Dismutase
(CCS) transport copper to the superoxide dismutase 1 enzyme (SOD1).
Hence, we assessed these intracellular copper chaperones in ARPE19
cells after copper treatment. The mRNA levels of CCS were unaltered in
all the concentrations of copper but showed a significant increase only
with penicillamine co treatment while it was decreased with peni-
cillamine alone. Similar to CCS, SOD1 mRNA expression was unaltered
with copper treatment but surprisingly with penicillamine alone it was
increased. SCO1 was significantly increased from 50 to 200 μM Cu in-
dicating delivery of copper to mitochondria. But penicillamine alone
and penicillamine + Cu co-treatment did not bring down SCO1 mRNA
expression (Fig. 2A). At the level of proteins SCO1 showed a dose de-
pendent increase at all concentration of copper treatment and as well as
in penicillamine + Cu co-treatment (Fig. 2B). SCO1 has been reported
to play a role in oxidative defence [35]. We speculated the increase in
SCO1 is mediated by ROS production. It is also known that SCO1 is
reported to be essential for maintaining and sustaining the expression of
CTR1 at the plasma membrane [36] which was observed in our results.
The other mitochondrial chaperone COX11 mRNA levels did not show
change with copper treatment as well as penicillamine + Cu co-treat-
ment but penicillamine alone decreased its expression significantly
(Fig. 2A). The effect of penicillamine shows that complete copper
chelation decreases mitochondrial chaperone expression. This intrigued
us to further investigate the SCO1 protein, so we transiently transfected

Table 4
Histopathological finding of the donor eyes.

S. no ARMD changes in eyeballs No of eyeballs

1. Drusen (hard and soft) 41
2. RPE atrophy 7
3. Basal laminal deposits (BLD) 1
4. RPE and photoreceptor degeneration 4
5. Sub retinal hemorrhage 1
6. Sub retinal scar 1

Table 5
Concentration of trace elements in ARMD and controls.

Element Control
Concentration (μg/g wet weight)
Mean ± SEM (N)
Range

Early AMD
Concentration (μg/g wet weight)
Mean ± SEM (N)
Range

Late AMD
Concentration (μg/g wet weight)
Mean ± SEM (N)
Range

p value
Ctrl vs early AMD = #;
Ctrl vs late AMD = †;
Early vs late AMD = $

Copper Ch RPE 14.65 ± 0.99 (N = 149)
0.67–52.65

15.42 ± 2.20 (N = 35)
3.02–56.15

24.04 ± 4.87 (N = 14)
6.78–59.7

# = 0.6709; † = 0.0413*; $ = 0.1632;

Copper retina 22.09 ± 1.66 (N = 153)
0.19–95.8

13.07 ± 1.34 (N = 36)
0.86–34.06

25.16 ± 5.11 (N = 15)
3.31–69.56

# = 0.0459*; † = 0.3871; $ = 0.0461*;

Zinc Ch RPE 53.69 ± 2.61 (N = 154)
5.58–145.17

40.15 ± 3.92 (N = 36)
6.85–111.94

30.79 ± 6.42 (N = 15)
6.8–78.57

# = 0.0357*; † = 0.0052**; $ = 0.1394;

Zinc retina 69.37 ± 3.60 (N = 148)
9.13–224.72

64.12 ± 6.75 (N = 37)
11.6–161.28

53.30 ± 12.82 (N = 15)
7.68–156.95

# = 0.6456; † = 0.0486*; $ = 0.1825;

Iron Ch RPE 47.66 ± 2.63 (N = 154)
3.77–177.69

48.55 ± 4.76 (N = 39)
8.84–118.87

26.35 ± 4.80 (N = 15)
6.14–59.43

# = 0.7507; † = 0.0057**; $ = 0.0058**;

Iron retina 48.52 ± 3.23 (N = 145)
8.57–218.45

39.50 ± 5.35 (N = 38)
4.25–155.1

25.16 ± 5.11 (N = 15)
3.31–69.56

# = 0.1350; † = 0.0449*; $ = 0.4318;

Calcium Ch RPE 1.56 ± 0.17 (N = 154)
0.05–18.18

0.96 ± 0.15 (N = 37)
0.0–3.37

1.60 ± 0.27 (N = 16)
0.02–3.69

# = 0.0122*; † = 0.2846; $ = 0.0234*;

Calcium retina 3.13 ± 0.25 (N = 153)
0.0–14.46

2.57 ± 0.33 (N = 39)
0.0–7.99

3.08 ± 0.67 (N = 15)
0.35–8.84

# = 0.7152; † = 0.7135; $ = 0.7064;
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Fig. 1. Viability and expression of intracellular and extracellular chaperone on copper treatment to ARPE19 cells. (A) MTT assay to test the viability of ARPE19 cells
on copper exposure. (B) Copper uptake was done using AAS at varying concentrations and time points (C) Copper uptake for penicillamine + Cu co-treatment
(P + 50). (D (a)) Western blot for CTR1 protein at 24 h (b) densitogram for CTR1 western blot done using Alpha view software. (E) The mRNA expression levels of
the efflux chaperones ATP7A and ATP7B on copper exposure. (F) Localization of CTR1 at varying concentration of copper and with penicillamine + Cu co-treatment
(P + 50). *p ≤ 0.05; **p ≤ 0.01; $p ≤ 0.05 when compared to control. #p ≤ 0.05; ##p ≤ 0.01 when compared to 50 μM Copper treatment.

Fig. 2. Expression levels of intracellular copper Chaperones. (A) mRNA expression levels of copper chaperones CCS, SOD1, SCO1 and COX11 at 24 h was assessed by
qPCR using GAPDH as internal control. (B) (a) Protein levels of SCO1 was done using western blotting at 24 h. (b) the densitogram for SCO1 western blot was plotted
using Alpha view software. *p ≤ 0.05; **p ≤ 0.01; $$p ≤ 0.01 when compared to control. ##p ≤ 0.01 when compared to copper 50 μM.
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SCO1- EGFP in ARPE19 cells and treated with varying concentrations of
copper. The SCO1-EGFP intensity pattern was increased with copper
treatment and showed perinuclear and cytoplasmic localization pattern
(Fig. 3A). This corresponds well with our observation of increased CTR1
protein expression in the cell membrane (Fig. 1F). Further we trans-
fected SCO1-EGFP and CTR1-mCherry together in RPE cells to under-
stand their association on copper treatment by FLIM-FRET analysis. We
found that there is a subpopulation of cells with FRET efficiency > 5%,
indicating a potential interaction between SCO1-EGFP and CTR1-
mCherry in the absence of copper. Once copper was added, FRET effi-
ciency between SCO1-EGFP and CTR1-mCherry dropped to non-sig-
nificant level, indicating loss of interaction between these proteins
(Fig. 3B and C).

3.4. Effect of copper uptake on cellular ROS and mitochondrial membrane
potential

Copper is an important player in ROS production through Fenton's
reaction and ROS generation modulates mitochondrial membrane po-
tential. There was increased ROS production seen in DCFDA assay in
copper treatment as well as in penicillamine + Cu co-treatment
(Fig. 4A). Although, ROS production was similar in both copper treated
and penicillamine + Cu co-treatment, the JC-1 staining showed en-
hanced monomer formation indicating decreased mitochondrial mem-
brane potential when copper was chelated. Interestingly, JC-1 staining
showed increased JC aggregates in copper treatment illustrating the
role of copper in maintaining the mitochondrial membrane potential

Fig. 3. SCO1 expression variation with copper treatment.
(A) Confocal images of SCO1-EGFP under different copper exposure at 24 h in ARPE19 cells. B: Typical fluorescence lifetime image of cells with (a) SCO1-EGFP
without copper exposure. (b) Co-expression of CTR1-mCherry and SCO1-EGFP with reduced fluorescence lifetime without copper exposure. (c) Co-expression of
CTR1-mCherry and SCO1-EGFP with copper exposure. (d) SCO1-EGFP with 200 μM copper exposure shows no change in fluorescence lifetime. (e–f) Corresponding
confocal images without lifetime information in (a–d). Scale bar = 5 μM. (C) FLIM-FRET analysis of SCO1-EGFP and CTR1-mCherry. (a) Fluorescence lifetime of
SCO1-EGFP under different copper exposure shows no significant decrease in fluorescence lifetime. (b) Fluorescence lifetime of co-expression cells with SCO1-EGFP
and CTR1-mCherry under various copper exposure conditions. (c) Calculated FRET efficiency (FRET E, in %) of SCO1-EGFP and CTR1-mCherry under various copper
exposure. (d) Typical TCSPC graph of single cell lifetime with SCO1-EGFP (donor only) and SCO1-EGFP/CTR1-mCherry (FRET). N ~ 15 cells from at least three
independent experiments.

Fig. 4. Effect of copper uptake on cellular ROS and mitochondrial membrane potential (A) ROS was measured using DCFDA assay with positive H2O2 (100 μM)
control at 24 h treatment with copper. (B) Mitochondrial membrane potential was measured using JC-1 dye. (C) The ratio between cytochrome c oxidase and citrate
synthase activity at varying concentration of copper and with penicillamine + Cu co-treatment (P + 50). *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 when compared to
control. #p ≤ 0.05; ##p ≤ 0.01 when compared to copper 50 μM treatment.
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(Fig. 4B). Since copper is an important cofactor in the cytochrome C
oxidase complex. We tested the activity of cytochrome C oxidase on
copper treatment and it showed a significant increase at 50 and 100 μM
copper concentration and decreased with penicillamine + Cu co-
treatment when normalized to citrate synthase activity (Fig. 4C). This
increased activity of cytochrome C oxidase intrigued us to apprehend
the role of copper in mitochondria.

3.5. Role of copper in mitochondrial biogenesis

NRF2 is a basic leucine zipper (bZIP) protein that controls the basal
and induced expression of an array of antioxidant response element-
dependent genes to regulate the physiological and pathophysiological
outcomes of oxidative stress. NRF2 is ubiquitously and constitutively
expressed by all cells. The NRF2 gene promoter presents several

Fig. 5. Expression of mitochondrial biogenesis markers in ARPE19 cells. (A) The mRNA expression of NRF1 and NRF2 with varying concentrations of copper and
with penicillamine + Cu co-treatment (P + 50) at 24 h. (B) Nuclear localization of NRF2 on copper treatment at 24 h. (C) mRNA expression of Heme oxygenase, a
downstream target of NRF2. (D) mRNA expression of mitochondrial transcription factors TFAM, PGC1α and β on copper treatment at 24 h. (E) immunofluorescence
imaging of PGC1β in 50 μM concentration of copper and with penicillamine + Cu co-treatment (P + 50). (F) (a) Western blotting for TFAM protein at 24 h with
varying concentrations of copper. (b) Densitogram of TFAM western blot using Alpha view software. (G) Ratio between mitochondrial DNA (COX1) and nuclear DNA
(SDHA) (H) mRNA expression of COX enzyme subunits at varying concentrations of copper at 24 h. (I) mRNA expression levels of Mitofusin protein 1 and 2 and
Fission 1 in copper and with penicillamine + Cu co-treatment (P + 50). (J) Immunofluorescence imaging of Mitofusin 2 at varying concentration of copper at 24 h.
*p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 when compared to control. #p ≤ 0.05; ##p ≤ 0.01 when compared to copper 50 μM treatment.
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regulatory sequences which include xenobiotic response element, ARE-
like sequences which allows its autoregulation, TRE site that is acti-
vated by the oncogenes, NF-κB binding site that responds to in-
flammatory stimuli [37,38]. NRF1 and NRF2 transcription factors are
also modulated by copper [39]. We observed a significant increase in
NRF1 and 2 at 50 μM Cu (Fig. 5A) and also its translocation to nucleus
on copper treatment (Fig. 5B) and its downstream target gene HO-1
(heme oxygenase) (Fig. 5C).

NRF 1 & 2 can regulate mitochondrial transcription factors like
peroxisome proliferator-activated receptor gamma coactivator1 (PGC1)
α and β [40]. PGC 1α and β are the main regulators of mitochondrial
activity and biogenesis [41]. Therefore, the mitochondrial biogenesis
transcription factors were analyzed with copper treatment. We found
that there was a significant increase in PGC1β and TFAM mRNA ex-
pression with copper treatment from 50 to 200 μM. Surprisingly, the
other transcription factor PGC1α was found to be significantly down
regulated in all concentrations of copper. PGC1β protein expression was
also increased on treatment with copper at 50 μM and decreased with
penicillamine + Cu co treatment (Fig. 5D and E). The biogenesis
marker TFAM protein was found be significantly increased from 50 to
200 μM Cu and decreased with penicillamine + Cu co-treatment
(Fig. 5F). To further establish that there is true mitochondrial biogen-
esis, mitochondrial copy number was quantified by using a qPCR-based
method. Initially the mRNA expression of cytochrome C oxidase coding
genes mtCOI, mtCOII, mtCOIII were analyzed and we found a sig-
nificant increase in the expression of mtCO1 at all concentrations of
copper (Fig. 5G). It was also found that there was a dose dependent
increase in COX1/SDHA ratio with copper treatment. Whereas peni-
cillamine + Cu co-treatment showed significantly decreased COX1/
SDHA ratio when compared to copper treated (Fig. 5H).

Further the downstream target of PGC1β, Mitofusin 2 (MFN2) an
outer mitochondrial membrane fusion protein, which activates mi-
tochondrial metabolism also showed a significant increase at the level
of mRNA and protein with copper treatment. While in penicilla-
mine + co-treatment MFN2 transcript was significantly decreased.
Interestingly the Fission 1 (FIS1) protein involved in the fragmentation
of the mitochondrial network expression, was decreased at 50 μM
copper treatment (Fig. 5I & J). The inverse relationship of MFN2 and
FIS1 has to be further studied. MitoTracker staining of mitochondria

also showed a significant increase in intensity with copper treatment
and decreased intensity in penicillamine + Cu co-treatment (Fig. 6).
These results show that there is mitochondrial biogenesis with copper
treatment.

3.6. Effect of copper on augmenting cellular survival by enhancing ERRα
and VEGF

The other downstream target of PGC1β, is estrogen related receptor
alpha (ERRα) a nuclear receptor and an inducer of VEGF [42,43]. The
mRNA and protein expression of ERRα was found to be significantly
increased in all concentrations of copper similar to PGC1β (Fig. 7A &
B). The levels of ERRα decreased in the penicillamine + Cu co-treat-
ment when compared to copper treatment. VEGF showed an increase at
all concentrations of copper compared to control in both mRNA and
protein. Penicillamine + Cu co-treatment showed decreased expression
levels of VEGF compared to copper treated (Fig. 7C & D). ERRα has also
been reported as an inducer of MFN2 [44] and in our study we observed
a simultaneous increase of both ERRα and MFN2 in copper treatment.

3.7. Assessment of copper related chaperones in the AMD tissue samples

To further explore these molecules at the level of tissues, the gene
expression of the copper influx, efflux and related copper chaperones
was performed in the choroid-RPE tissue of the AMD cases as this a
composite of both RPE and choroidal cells. The mRNA expression of the
influx chaperone CTR1 was found to be significantly down regulated in
early AMD, when compared to its respective controls unlike the in-
creased protein expression seen in ARPE19 copper treated cells. DMT1
(a divalent metal transporter) showed an increase in early and late
choroid RPE tissue. Whereas the expression of the mitochondrial cha-
perone SCO1 was increased in AMD choroid RPE tissue similar to the
cell culture data. The PGC1α was decreased significantly in early and
late AMD cases but PGC1β was significantly down regulated in early
AMD and mildly increased in late AMD cases similar to the cell culture
data inference. ERRα was decreased significantly in early and late AMD
cases whereas VEGF showed increase in early choroid RPE but was
decreased in late AMD. The efflux chaperone ATP7A and ATP7B was
significantly increased in early AMD of choroid RPE (Fig. 8). These

Fig. 6. Mitochondrial Mass. (A) Mitochondria was stained using MitoTracker CMX Ros and pictured at higher magnification (60×) using Carl Zeiss LSM700 confocal
microscopy. (B) The stained mitochondrial pictures were captured at a lower magnification (20×) and the intensity of the stain was analyzed using Image J software.
**p ≤ 0.01; ***p ≤ 0.001 when compared to control.
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results reveal that similar to copper treatment in ARPE19 cells the
choroid RPE tissue response to copper with an increase in SCO1and
PGC1β in late cases of AMD. As the number of samples used for mRNA
expression was a limiting factor increasing the number will give us a
valuable insight.

4. Discussion

Even though, considerable abnormalities are seen in interrelated
tissues of photoreceptors, Bruch's membrane and choriocapillaries,
major impairment of retinal pigment epithelium (RPE) cellular function
leads to AMD pathology [45]. RPE dysfunction has been long credited
to oxidative stress and inflammation [46] but recent evidences show
that there is regulatory crosstalk between oxidative stress-related
transcription factor NRF2 and mitochondria [47]. Our recent study has
shown decreased NRF2 expression in the retinal tissue of AMD cases
[6]. There are reports on mitochondrial DNA (mtDNA) damage and
altered mitochondrial proteins in human donor eyes with AMD [48,49].
Mitochondrial dysfunction seen in donor AMD tissues supports the
hypothesis that AMD pathology is driven by defective mitochondria
seen in RPE [50]. Mitochondrial damage can release the mitochondrial
proteins to the cytoplasm thereby triggering apoptosis and inflamma-
some activation [51]. Mitochondria have been greatly known for their
role in energy production and involvement in the critical cellular
homeostasis processes. The homeostatic maintenance of mitochondria
requires metal ions like iron and copper [52,53] and imbalance is as-
sociated with mitochondrial dysfunction and cardiomyopathy [54,55].
In our study the copper levels were significantly increased in choroid
RPE and retina of late AMD cases when compared to its respective
controls. The levels of other divalent ions Fe and Zn were decreased.
Since copper is important for mitochondrial function, we interrogated

the role of copper in AMD pathogenesis using ARPE19 cells as a model.
The influx transporter CTR1 showed a maximal localization in the

plasma membrane of ARPE19 cells at 100 μM copper treatment at 24 h
and there was an increase in copper uptake. Once copper enters the cell,
it binds to metallothioneins and glutathione for storage and to me-
tallochaperones for distributing to specific proteins and intracellular
organelles [56]. The mitochondrial chaperones SCO1 which delivers
copper to the Cu A and Cu B site of the cytochrome C oxidase in mi-
tochondria [57] showed significant increase at the level of mRNA and
protein in our study. But quite interestingly chelating copper did not
decrease its expression. But the other mitochondrial chaperone COX11
decreased on chelating copper. SCO1 is a stress response factor [35] and
we hypothesis the increase in its expression is mediated by increased
ROS generation in both copper and penicillamine treatment. To further
understand if CTR1 and SCO1 have some association, both the genes
were transiently transfected in RPE cells and treated with copper and
we speculate SCO1 to drift away from CTR1 on addition of copper
which is another interesting finding which has to be probed further.

Even though the ROS levels were increased with Cu treatment the
mitochondrial membrane potential was restored on copper treatment. It
is reported that NRF2 plays a crucial role in maintaining cellular redox
homeostasis, mitochondrial membrane potential and ATP synthesis and
supports the structural and functional integrity of the mitochondria
[58]. The transcription factors NRF1&2, PGC1β and TFAM were up-
regulated and there was a significant increase in cytochrome C oxidase
activity in RPE cells treated with copper. NRF1 binds to the specific
promoter sites and regulates expression of TFAM [59] the mitochon-
drial biogenesis regulator [60]. The relative abundance of mitochondria
in the copper treated condition was inferred by measuring mtDNA
content by COX1/SDHA ratio and the mitochondrial staining.

Copper also triggers PGC1β which is a major regulator of ATP

Fig. 7. Expression levels of ERRα and VEGF. (A) mRNA expression levels of Estrogen Related Receptor α (ERRα) at varying copper concentration and with
penicillamine + Cu co-treatment (P + 50) at 24 h. (B) Protein levels of ERRα by western blot at 24 h (C) mRNA expression levels of vascular endothelial growth
factor (VEGF). (D) Protein levels of VEGF by ELISA in the conditioned medium and the value expressed as pg/ml. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001 when
compared to control. ##p ≤ 0.01 when compared to copper 50 μM treatment.
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production in mitochondria [61]. This was supported by increase in the
mitochondrial complex 1 copy number on copper treatment. Fibroblasts
isolated from patients with complex 1 inhibition showed decreased ATP
production with increased oxidative stress and apoptosis [62]. Coussee
et al., reported that impairment of complex 1 brings about the decrease
of Ca2+ uptake and ATP production [63]. PGC1β overexpression leads
to a larger induction of MFN2 protein and increased mitochondrial
length and mitochondrial fusion rates in wild-type and MFN1 knockout
mouse embryonic fibroblasts (MEFs); however, in MFN2 knockout
MEFs PGC1β overexpression was unable to increase mitochondrial
length demonstrating that MFN2 expression was required to induce
these changes in mitochondrial morphology [41]. It is reported that
cytochrome C oxidase also increases Mitofusin2 (MFN2) [64]. Mitofu-
sins have been linked to mitochondrial biogenesis and respiratory
functions, impacting on cell fate and organism homeostasis [65–67] In
our study we observe transcript and protein level increase in MFN2
expression.

But there was a decrease in PGC1α expression with copper treat-
ment. We speculate that the decrease in PCG1α may be due to reduced
SIRT1 on copper treatment as reported earlier in human fetal lung

fibroblasts and we found that copper chelation augments PGC1α and
downregulates PGC1β [68]. SIRT1 is a NAD+-dependent protein dea-
cetylase, an important regulator in cellular stress response and energy
metabolism [69]. PGC1β is positively associated with ERRα and VEGF
levels [70]. ERRα has been reported to regulate mitochondrial bio-
genesis in association with PGC family co-activators via cross-talk with
mitogen-activated protein kinase kinases and PI3K/(AKT) signaling
[71]. In this study an increase in ERRα was seen along with PGC1β and
VEGF which is required for the RPE survival. This is similar to the study
which shows PGC1β regulates mitochondrial biogenesis through the
NRF1-ERRα axis in C2C12 cells [43].

After getting the telltale from the cell line experiments, the copper
transporters and markers of mitochondrial biogenesis were studied in
the cadaveric choroid-RPE tissue of the donor AMD cases. We found
there was a decrease in CTR1 mRNA expression but the other metal
transporter DMT1 expression was significantly increased. SCO1 and
PGC1β expression showed increase in late AMD cases. This correlated
with the significant increase in copper levels in choroid RPE of late
AMD cases.

Fig. 8. The mRNA expression levels of copper related factors in the retina and choroid RPE tissues of the ARMD cases. (A) The mRNA expression levels of the copper
regulated chaperones and transporters CTR1, ATP7A, ATP7B, SCO1, PGC1α and β, ERRα and VEGF were analyzed in early and late AMD in choroid RPE and (B)
Retinal tissues. *p ≤ 0.05; **p ≤ 0.01 with Mann Whitney Test.
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5. Conclusion

Imbalance in copper homeostasis exert toxicity, oxidative stress,
reduced antioxidant mechanism and affect various metabolic functions
in circulation and as well as in ocular tissues [72] Evidences show
copper depletion might contribute to cellular apoptosis or necrosis as
well as mitochondrial dysfunction by impairing the mitochondrial
biogenesis [52]. Our study supports this fact that copper does play an
important role in mitochondrial biogenesis in RPE cells and we propose
that extensive study is required to understand the implication of copper
in AMD pathogenesis.
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